Carbon nanotubes (CNTs) used to reinforce polymer matrix composites are functionalized to form covalent bonds with the polymer in order to enhance the CNT/polymer interfaces. These bonds destroy the perfect atomic structures of a CNT and degrade its mechanical properties. We use atomistic simulations to study the effect of hydrogenization on the mechanical properties of single-wall carbon nanotubes. The elastic modulus of CNTs gradually decreases with the increasing functionalization (percentage of C-H bonds). However, both the strength and ductility drop sharply at a small percentage of functionalization, reflecting their sensitivity to C-H bonds. The cluster C-H bonds forming two rings leads to a significant reduction in the strength and ductility. The effect of carbonization has essentially the same effect as hydrogenization.
Introduction
Carbon nanotubes (CNTs) possess superior physical and mechanical properties such as low mass density (1.3-1.4 g cm −3 ) [1] , large aspect ratio (>a few hundreds) [2] , high Young's modulus (∼1 TPa) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , strength (∼30 GPa) [5] [6] [7] [8] and large fracture strain (>10%) [5, 6, 17, 18] . They are an ideal candidate for reinforcements in nanocomposites [1, 2, [19] [20] [21] [22] [23] [24] .
Prior experimental and numerical studies of CNTreinforced composite materials [2, 19, [25] [26] [27] , however, have shown only moderate improvement of mechanical properties. This is mainly because the CNTs are often pulled out [2, 21, 22] due to weak van der Waals interactions between the CNTs and the polymeric matrix.
The CNT/polymer interfaces have been strengthened by using a nonionic surfactant as the processing acid to strengthen the CNT/polymer interfacial interaction, which has led to more than a 30% increase in the elastic modulus for 1 wt% CNTs [27] . Molecular dynamics simulations have shown that 5 Authors to whom any correspondence should be addressed. the shear strength of the CNT/polymer interface increases by a factor between 15 and 30 (depending on the polymer) for 1% carbon atoms on the CNT to form covalent bonds with the polymer matrix [28] . Molecular dynamics simulations have also shown that the CH + 3 ion bombardment effectively functionalizes the CNT bundle, which has been verified in the experiments with CF + 3 ion bombardment [29, 30] . The formation of covalent bonds between the CNTs and the polymer matrix during C 3 F + 5 ion bombardment also significantly changes the CNT/polymer interface [31] .
The functionalization introduces carbon or hydrogen atoms to form covalent bonds with carbon atoms on the CNT. These 'impurity' atoms may affect the mechanical properties of CNTs [32] . Volpe and Cleri modified an orthogonal tightbinding model to study the effect of surface hydrogenization on graphite and CNTs [33] . For graphite, the C-H bond induced local out-of-plane displacement, giving rise to a local tetragonal distortion: the H atom pulled the C atom out of the base plane, as illustrated schematically in figure 1(a) . A similar observation has been made for CNTs, as illustrated in figure 1(b) . This destroys the perfect atomic structure and may significantly reduce the elastic modulus, strength and fracture strain of CNTs. The CNT elastic modulus decreases gradually with the increasing functionalization [28] .
Functionalization may also reduce the critical bulking load by 15% for the CNT in compression [34] .
There is, however, no study of functionalization and its effects on the tensile strength and fracture strain of CNTs. The purpose of this paper is to investigate systematically the amount and distribution of CNT functionalization on the elastic modulus, strength and fracture strain of CNTs.
Computational model
The atomic-scale finite element method (AFEM) [35, 36] is an order-N atomistic simulation method based on the secondgeneration interatomic potential for hydrocarbons [37] . It models each atom as a node, and accurately describes the interactions between carbon atoms on the carbon nanotube and between carbon atoms and chemisorbed hydrogen atoms. The total energy in the system is the sum of the energy in all C-C and C-H covalent bonds. The minimization of total energy then gives the atom positions at equilibrium. Similar to the continuum finite element method, AFEM uses both the firstand second-order derivatives of the system energy in energy minimization, and is therefore more effective and robust than the widely used conjugate gradient method.
A hydrogen atom is first placed on the surface of the graphite to form a covalent bond with a carbon atom. The system is then relaxed, which gives the equilibrium C-H bond length r C−H = 0.112 nm. This agrees well with the modified orthogonal tight-binding model (0.111 nm) [33] , as well as with the density functional theory calculation (0.112 nm) [38] .
The percentage of functionalization is the ratio of the number of hydrogen atoms, N H , to the number of carbon atoms on the CNT, N C , i.e. N H /N C . Figure 2 shows the simulation results of a (9, 0) zigzag single-wall CNT with 396 carbon atoms and 79 hydrogen atoms, which gives 20% functionalization. Periodic boundary conditions are imposed at the two ends of the CNT, which prescribe the axial strain applied to the CNT.
Numerical results
The stress in the CNT is defined by the ratio of total resulting force on all atoms in a cross section to the CNT cross-sectional area 2π Rt, where R is the radius and t is the CNT wall thickness. The interlayer spacing of graphite, 0.34 nm, is taken as the CNT wall thickness in this paper, even though it is unnecessary to define the CNT wall thickness t since the stress always appears together with t via their product, stress * t. This is similar to that the Young's modulus E and thickness t of single-wall CNTs always appear together as Et in all experimentally measurable or theoretically calculable properties [39] [40] [41] , and it is therefore unnecessary to define E and t separately. The prior modeling and simulations of single-wall CNTs can be grouped to two types. One takes the interlayer spacing of graphite (0.34 nm) as the SWNT thickness, and the resulting Young's modulus is around 1 TPa [3, [9] [10] [11] . The other is based on the continuum shell modeling, which gives the thickness around 0.066 nm and Young's modulus 5.5 TPa [8, [12] [13] [14] [15] [16] . These two types, however, give approximately the same Et, 0.34 TPa nm for the first group and 0.36 TPa nm for the second group. Figure 3 shows the stress-strain curves for the (9, 0) CNT without functionalization and with 10% functionalization. The two curves are rather close until the functionalized CNT reaches its peak stress, which is consistent with the prior studies [28] .
Both curves show a rather abrupt drop after the strength (peak stress) is reached.
The strength for the functionalized CNT is lower than that without functionalization, and so is the fracture strain. This reduction of peak stress is because the functionalization introduces nonuniformity in the CNT, which leads to localized deformation and early fracture of the CNT, as discussed in the following. Figure 4 shows the bond length versus the applied strain for C-C bonds (i) without any hydrogen atom, (ii) with one H atom, and (iii) with two H atoms. The hydrogen atoms clearly increase the length of C-C bonds. Once the strain exceeds 11%, the length of the C-C bond with two H atoms increases rapidly, while the lengths of bonds without or with one H atom do not increase (and even decrease). This gives the localized deformation (in the C-C bond with two H atoms), which leads to bond fracture and therefore effectively strength reduction of the CNT. The elastic modulus E is determined from the initial slope of the stress-strain curve. The strength σ F and fracture strain ε F are defined for the point where the peak stress is reached because after this the stress drops sharply,as shown in figure 3 , and is similar to brittle fracture. Here the strength and fracture strain are not linearly proportional since the stress-strain curve in figure 3 is nonlinear. The fracture strain is called the ductility of the CNT in the following.
Figures 5-7 show the elastic modulus E, strength σ F and ductility ε F of CNTs versus the percentage of functionalization, respectively. Each figure shows four curves for the (9, 0) zigzag, (5, 5) and (10, 10) armchair, and (6, 4) chiral CNTs. The elastic modulus E CNT+H of functionalized CNTs is normalized by its counterpart E CNT without functionalization in figure 5 . The elastic modulus for each CNT gradually decreases as the functionalization increases, which is consistent with prior studies [28] . As the percentage of functionalization exceeds 10%, the elastic modulus decreases rather quickly as the functionalization increases, reflecting the strong effect of functionalization on the elastic modulus of CNTs. The comparison of curves for (5, 5) and (10, 10) CNTs suggests that the elastic modulus of large CNTs is more sensitive to functionalization than small CNTs. The elastic modulus is also sensitive to the CNT helicity, as seen from the difference between (9, 0), (5, 5) and (6, 4) CNTs.
The strength σ CNT+H F of functionalized CNTs, normalized by its counterpart σ CNT F without functionalization, is shown versus the percentage of functionalization in figure 6 . The strength drops rather sharply at the small percentage of functionalization, and continues to decrease with the increasing functionalization. This suggests that the strength of CNTs is rather sensitive to functionalization. The curves for (9, 0), (5, 5) , (10, 10) and (6, 4) CNTs are rather close in figure 6 , which implies that the reduction of CNT strength due to functionalization, σ CNT+H F /σ CNT F , is insensitive to the CNT radius and helicity. However, the strength σ CNT F of CNTs without functionalization depends on the CNT helicity but not radius [42] . Therefore, the strength σ CNT+H F of a functionalized CNT is sensitive to the helicity and insensitive to the radius.
The ductility ε CNT+H F of functionalized CNTs, also normalized by its counterpart ε CNT F without functionalization, is shown versus the percentage of functionalization in figure 7 . All curves initially drop very sharply, which suggests that the ductility of CNT is sensitive to functionalization. The curves then approach some plateau because the elastic modulus reduction catches up or even exceeds the strength reduction at large functionalization. The curves for (5, 5) and (10, 10) CNTs are essentially the same, but both are lower than the curves for the (9, 0) and (6, 4) CNTs. This implies that the CNT radius has little effect on the ductility reduction ε CNT+H F
/ε
CNT F due to functionalization, but the helicity does. Since the ductility ε CNT F of CNTs without functionalization depends on the CNT helicity but not radius [42] , the ductility ε CNT+H F of functionalized CNTs shows the same behavior.
Figures 5-7 suggest different effects of functionalization on mechanical properties of CNTs. The elastic modulus decreases gradually at small functionalization (<10%) because it represents the average behavior of all atoms. Large functionalization has a strong effect on the elastic modulus. The strength and ductility are sensitive to functionalization because they are controlled by local bond breaking. Small functionalization may cause localized deformation and trigger early bond breaking, therefore significantly reducing the strength and ductility.
Figures 5-7, together with [42] , also suggest different effects of chirality on mechanical properties of functionalized CNTs. The strength and ductility of functionalized CNTs are sensitive to the helicity but not radius, while the elastic modulus depends on both.
In order to examine the effect of random distributed C-H bonds on the CNTs, 10 random distributions are realized for each CNT with a given percentage of functionalization. The derivations in ductility reduction and strength reduction are less than 6% and 4%, respectively. Figure 8 shows the extreme case that all functionalizations are clustered together to form one, two or three rings of C-H bonds on the (10, 10) armchair CNT. The elastic modulus, strength and ductility are given in table 1. For comparison, the results for CNTs without functionalization are also shown. The reduction in elastic modulus is relatively small, but the reductions in strength and ductility are quite large, which reflects the effect of clustering. The results for two and three rings are essentially the same, which suggest the two rings of C-H bonds form the weakest link.
The above results are for hydrogenization, i.e. the formation of C-H bonds.
We have also investigated carbonization, i.e. the formation of C-C bonds. The insets in figures 5-7 show the elastic modulus, strength and ductility of functionalized (10, 10) armchair CNTs, all normalized by their counterparts without functionalization, versus the percentage of functionalization for both hydrogenization and carbonization. The curves in each figure are essentially the same. Therefore, the hydrogenization and carbonization have the same effect on the mechanical properties of functionalized CNTs.
Conclusions
We have used atomistic simulations to study the effect of functionalization (hydrogenization) on the mechanical properties of single-wall carbon nanotubes (CNTs). The functionalization (forming C-H bonds) has little effect on the elastic modulus of CNTs unless the percentage of functionalization exceeds 10%. However, both the strength and ductility drop sharply at a small percentage of functionalization, reflecting their sensitivity to C-H bonds. The cluster of C-H bonds forming two rings leads to significant reduction in the strength and ductility. The effect of functionalization via carbonization is shown to have essentially the same effect as the hydrogenation.
